INTRODUCTION
Identifying geological uncertainties is a standard practice while exploring for hydrocarbons around the world. The methods and workflows used to address and quantify those uncertainties vary significantly across the industry.
For the purpose of this study, where conventional hydrocarbons accumulations are being analysed, we assess the subsurface risk by considering four parameters: hydrocarbon migration and charging processes, presence and quality of a reservoir, the structural configuration of the container and the sealing mechanism.
The latter, also referred as seal risk analysis, tends to be the biggest exploration risk factor and is attributed as the main reason for exploration well failure across the globe (Bowman, 2010) . Therefore, organizations investing in new technologies and concepts to enhance the seal risk characterization in their workflows are expected to have greater exploration success.
The fault-seal mechanism has a long discussion history in the petroleum industry (Davies and Handschy, 2003) . This study aims to add to the vast existing literature about seal analysis, by focusing on the workflow used to characterize the seal risk with a focus on fault juxtaposition. Our conclusion suggests that integrating multiple datasets with latest technology in a multidisciplinary approach is essential to obtain quality seal risk assessments.
Although better subsurface assessments do not always translate to lower exploration risk, a better understanding of the risks will lead to improved business decisions and ultimately, discovery success rates.
GEOLOGIC BACKGROUND
The geology of the study area consists of fluvial sands deposited over an extensive area in a low-relief environment, which are subsequently overlain by shallow-marine sediments during the pre-rift stage of the basin history.
The sedimentologic and stratigraphic nature of these deposits produces sand-prone channel belts that form the main reservoirs for hydrocarbons accumulations being explored in the area.
The structural framework consists of series of fault blocks (horsts and grabens) created as a result of the postdepositional rifting process in the basin. Two distinct extension orientations generated a complex and oblique fault pattern as interpreted by the NNE-SSW and NE-SW fault systems (Figure 1 ).
The result of these two tectonic oblique forces is also responsible for tilting the fault blocks in different dipping orientations.
The combination of the layered stratigraphic fluvial reservoirs with tilted fault blocks provide an effective sealing mechanism to trap hydrocarbons in the reservoirs, and also enhances the chances of leak points if sand bodies are juxtaposed across faults.
A thorough analysis of the sand juxtaposition relationship along the fault planes is required to properly analyse and quantify the seal component of existing accumulations and exploration prospects. This foremost requires a reliable image of sand bodies in both sides of the fault.
SUMMARY
Understanding the geological risks is an essential process while exploring for hydrocarbons and seal risk is considered the primary reason for unsuccessful wells around the world. This paper focuses on a simple seismic interpretation workflow to address fault-seal sand juxtaposition risk in a structurally complex area. The geological nature of the fluvial reservoirs in the study area, combined with tilted fault blocks provides an effective sealing mechanism to trap hydrocarbons but also enhances leak points. The workflow uses 3D seismic data to analyse juxtaposition of sand bodies across faults, with some geophysical limitations. The presented method has been successfully applied to the study area and has significant implications in exploration pre-drill risks and post-drill evaluations. The results of this study reinforce the necessity to integrate a multidisciplinary evaluation with latest technology to obtain reliable subsurface assessments that effectively translates to better business decisions and improved exploratory success rates. 
SEISMIC DATA AND SAND PREDICTION
The seismic data available for this project were 3D data which have been processed with a pre-stack depth migration workflow (PSDM). Data from seven wells inside the survey area were used to improve structural imaging and amplitude calibration.
The resulting calibrated PSDM seismic data were used as input to quantitative interpretation workflows including rock physics analysis and simultaneous inversion.
The rock physics analysis shows a typical angle versus offset (AVO) response for gas filled reservoirs as strong Class 2, while brine filled sandstones as weak Class 2. This small difference is due to the similarities of sand and shale velocities at prospective depths observed in the study area.
Density is considered the main driver of impedance changes. These contrasts can be due to porosity or fluid changes making discrimination difficult. The best theoretical discriminator of pore fluid is Lambda-rho while lithology is better distinguished with Mu-rho relationships.
The observations above encouraged the use of simultaneous inversion for different seismic attributes, but the noise content in the data did not allow a significant uplift in the inverted seismic products.
Single stack elastic impedance of the far angle seismic gathers (31-46 degrees) were used to better separate sand to fluid responses in the seismic data. A visual summary of this process is illustratively shown in Figure 2 .
SAND JUXTAPOSITION ANALYSIS
The sand juxtaposition analysis used in this workflow (an Allan Diagram) is relatively simple when compared to other fault-seal analysis methods (e.g. a Triangle Diagram) and it is possible to construct using any seismic interpretation software (Cerveny et al. 2004) ; nevertheless the value relies on seismic interpretation techniques and the ability to identify sand bodies based on seismic data, as discussed above. The method employed is simply to interpret sand reservoirs on both sides of the fault and combine those observations into a single plane to identify where juxtaposition occurs.
Initially, a vertical plane parallel to the strike of the fault has to be selected in the up-thrown fault block (Figure 2) . Usually, seismic data is distorted in the vicinity of faults due to fault shadows or other imaging issues. Therefore, the distance from the vertical seismic plane and the actual fault plane is dependable on data quality. The distance should be reduced enough to allow sand body interpretation.
Ideally, inclined seismic planes parallel to the fault plane would be preferred to minimize the distance between up-thrown and down-thrown sand bodies. However in some seismic interpretation packages it is not a trivial exercise to create angled panels that follows irregular fault planes. Complex workflows can be overcome by using the mobile vertical planes approach of this method.
A second plane, with similar characteristics (orientation and length) should be selected in the down-thrown fault block (Figure 3 ). Once again, the optimal distance between the two vertical planes should be minimal but optimized to obtain reliable information about reservoir presence on both sides of the fault.
Both vertical planes are then interpreted independently aiming to identify top and base of the sand bodies along that plane. Due to the angle of the fault plane in consideration, a slight adjustment of the plane for each stratigraphic interval of interest may be required. In other words, the position of the up-thrown plane used to interpret the reservoir A in the conceptual block diagram of Figure 3 , might be adjusted to optimally interpret the underlying reservoir B.
This process should be repeated for the downthrown block, resulting in two planes highlighting the presence of sand near the fault plane. The up-thrown and down-thrown interpretations are then combined into a single plane by overlaying them on top of each other while preserving the same vertical and horizontal scales.
The potential leak points will be visible where the sands from both sides of the faults are overlain in the final Allan Diagram, (Figure 4 ) which represents an analysis performed for a particular fault in the study area. The Allan Diagram in Figure 4 highlights only three reservoirs of interest in the up-thrown block which is represented by the shaded intervals.
However, down-thrown interpretation focuses on all seismically visible sands. In order to better understand the sealing potential along the fault and enhance the risk analysis.
Although juxtaposition areas have been identified, a detailed analysis must be done for each zone before a risk assessment is performed. Each potential leak zone must be quantified in length and thickness and classified based on seismic character of the sands on each side of the fault, especially in the downthrown block.
Understanding the behaviour of sand bodies in the downthrown block is particularly important as they can connect the target reservoir to sands across the fault. Nevertheless, if the "thief" reservoir offers sealing potential or limited areal extension a trapping potential can be preserved. Therefore, the final risk analysis must consider other aspects as well, including the potential for a juxtaposed sand body to trap hydrocarbons and increase the reservoir extent.
GEOPHYSICAL CONSTRAINS
The workflow described above is a simple and effect approach to asses seal capacity by combining seismic interpretation techniques with the Allan Diagram approach. Although useful, understanding the limitations of the process is essential for effective risk assessments.
The workflow is not only dependant on our ability to interpret sand with seismic data, but also on the relative position of these sand bodies. Therefore, the velocity model used to obtain depth values is a critical element of the fault-seal analysis. Different velocity models may alter key variables, such as spill points, resulting in a different risk assessment.
The seismic data acquisition parameters (type of acquisition, sail direction, etc.) can also influence the imaging of the interest zone and the processing in fault shadows which have the highest impact on these workflow. Therefore, the geophysical constrains of this workflow must be understood and addressed to achieve a reliable fault-seal risk assessment.
IMPLICATIONS: POST-DRILL & PRE-DRILL
The workflow described above has been applied in the study area for pre-drill evaluations. The result of the analysis has increased the understanding of the seal risk, and therefore the Prospectivity of an exploration opportunity, which has assisted in enhancing business decisions.
Understanding juxtaposition relationships has significant implications not only in assessing pre-drill opportunities but also in post-drill evaluations and understanding the accumulation extension.
Once a well is drilled, additional information is obtained and must be used to calibrate the observations in seismic data to access the seal capacity and trapping mechanisms of the accumulation (Swarbrick and Lahann, 2006) . This calibration is critical to identify field configuration and extension with significant impact in the appraisal and development program.
As an example, results from two adjacent horst blocks tested by two wells can provide insight into the possible connectivity in the graben that separates them ( Figure 5 ). 
CONCLUSIONS & RECOMENDATIONS
A proper understanding of the sand juxtaposition against the fault framework in the area enhances the risk associated with hydrocarbon evaluations throughout its life cycle, from pre-drill exploration to development and production studies.
Simple seismic interpretation workflows can be used to quantify and address fault-seal risks, but the value relies on integrating the interpretation techniques with geophysical observations to properly distinguish sand bodies on both sides of the fault.
The integration of multi-disciplinary methods and latest technology are essential to obtain quality seal risk assessments. Organizations investing in new technologies and concepts are expected to observe greater exploration success.
